Back ground: Zinc oxide nanoparticles (ZnO-NPs) are among the most commonly used metal nanoparticles and are nowadays increasingly used in food. This might increase the chances of their exposure to the human body via the oral route. The heart is an important toxic site for nanoparticles. Aim: The aim of the current study was to investigate the possible histological changes that might accompany the oral administration of two different doses of ZnO-NPs on left ventricular cardiomyocytes of adult albino rats. Materials and Methods: Forty-eight adult male rats were included. The animals were randomly divided into 3 main groups. Group I (Control group). Group II (ZnO-NPs group) was further subdivided randomly into subgroup IIa that were given ZnO-NPs at a dose of 100mg/kg body weight/day. Subgroup IIb received 400 mg/kg body weight/day ZnO-NPs for 28 days. Group III (Withdrawal group), the animals of this group did not receive any treatment for four weeks after the 28 days of treatment. Specimens from the heart apex were processed for microscopic examination. Serum level of oxidative stress and cardiac makers, as well as the morphometric study (for collagen quantification and mitochondrial morphometry), were done. Results: The light and the electron microscopes revealed histological changes in the left ventricular cardiomyocytes. Changes were dose-dependent. Group II revealed some pale stained muscle fibers with pyknotic nuclei. Others showed deeply acidophilic sarcoplasm. The electron microscope examination confirmed these changes and showed focal myolysis and abnormal mitochondria. This was associated with some hyperchromatic nuclei. After withdrawal histological changes were exaggerated. Serum marker of oxidative stress and cardiac markers showed a significant increase. Mitochondrial morphometry demonstrated fragmentation.
INTRODUCTION
Nanotechnology is one of the key technologies of the 21 st century. With the rapid growth of nanotechnology and increasing exposure to nanoparticles (NPs), there is a need to evaluate their toxicity. Thus, nanotoxicology has emerged [1] . Metal oxide NPs belong to a family of nanomaterials that have been manufactured for both industrial and household applications. Zinc oxide nanoparticles (ZnO-NPs) are highly applicable and among the most commonly used metal NPs [2] . ZnO-NPs are being used as a food additive as well as in food processing and packaging [3] . The cardiovascular system is an important toxic site of NPs [4] .
So, the aim of the current study was to investigate the possible histological changes in the left ventricular cardiomyocytes of adult albino rats after receiving two different doses ZnO-NPs and the effect of their withdrawal.
The study demonstrated histological changes. These changes didn't improve after the withdrawal of the ZnONPs administration.
MATERIALS AND METHODS

Chemicals
Zinc oxide nanoparticles (ZnO-NPs) with an average size of 20 nm were purchased from NanoTech Egypt for Photo-Electronics Company (City of 6 October, Egypt). Immediately before administration, ZnO-NPs were dissolved in distilled water. The suspension was sonicated at 230 V for 2 minutes using USR3/2907 sonicator (JulaboLabortechnik, Seelbach, Germany) at room temperature.
Animals
Forty-eight adult male rats (6-8 weeks old, 200 ± 20 g) were included in the present work. The animals were kept under standard laboratory conditions of temperature and humidity and 12 hours light/dark cycle with free access to the ordinary rat food and water. Guidelines for the care and use of animals approved by the Animal House Center, Faculty of Medicine, University of Alexandria, were followed. All procedures were approved by the Ethics Committee of the Faculty of Medicine, Alexandria University.
The animals were randomly divided into 3 main groups. All animals were given the treatments by oral gavage.
Group I (Control group): included 24 rats that were further subdivided into 2 equal subgroups; Subgroup Ia: negative control received no treatment.
Subgroup Ib: each rat received distilled water of 10ml/ kg/ kg body weight day [5] .
Group II (ZnO-NPs group): included 12 rats. It was further subdivided randomly into two equal subgroups:
Subgroup IIa: each rat received a daily dose of 100 mg/ kg body weight ZnO-NPs for 28 days [6, 7] .
Subgroup IIb: each rat received a daily dose of 400 mg/ kg body weight ZnO-NPs for 28 days [6, 7] .
Group III (Withdrawal group): included 12 rats that were further subdivided randomly into two equal subgroups;
Subgroup IIIa: each rat received ZnO-NPs in the same dose as that of subgroup IIa.
Subgroup IIIb: each rat received ZnO-NPs in the same dose as that of subgroup IIb.
The animals of subgroups IIIa and IIIb did not receive any treatment for an additional four weeks after the 28 days of treatment.
METHODS
I-Characterization of the zinc oxide nanoparticles
The prepared NPs were characterized using the following:
1-Transmission electron microscope (TEM)
TEM yields information about the size and the morphology of NPs used. Using a Jeol 2100 electron microscope (Tokyo, Japan) at the Electron Microscopy Unit, Faculty of Agriculture, Mansoura University, Egypt, the size was determined.
2-Nano Zeta particle analyzer
Using Nano Zeta particle analyzer (Malvern, UK) at the Central Laboratory, Faculty of Pharmacy, University of Alexandria, Egypt, the zeta potential (surface charge) was determined.
3-X-Ray Diffraction (XRD)
The ZnO-NPs powder was analyzed using X-ray diffractometer (Shimadzu XRD-7000, Maxima, Japan) at the Central laboratory, Faculty of Pharmacy, University of Alexandria, Egypt. The voltage and current used were 30 kilovolts and 30 milliamperes, respectively.
4-Ultraviolet-visible absorption spectroscopy (UVVis)
It was carried out on a UNICAM UV-Vis spectrometry model UV5-220 at the Medical Biophysics Department, Medical Research Institute, University of Alexandria, Egypt. UV-Vis spectrum shows the Surface Plasmon Resonance that depicts the size and distribution of NPs.
II-Biochemical study
1-Malondialdehyde (MDA)
MDA levels were measured as markers of oxidative stress. The MDA calorimetric assay provides a sensitive tool for detection of the MDA, by a Humalyzer junior photometer (Human Diagnostics, Germany) at the Biochemistry Department, University of Alexandria, Egypt. The MDA in the sample reacts with thiobarbituric acid (TBA) to generate MDA-TBA adduct that can be easily quantified colorimetrically(OD = 532 nm) [8] .
2-Creatinine Kinase (CK-MB) isoenzyme
Creatine kinase (CK) catalyzes the reversible transfer of a high-energy phosphoryl group from ATP to form phosphocreatine (PCr), which acts as an energy storage molecule, rapidly regenerating ATP at times of increased energy demand. Increase levels clearly signal muscle damage with concomitant leakage of intracellular muscle constituents into the circulation that remains high as long as the damage exists [9] .
CK is a biomarker and specific tool for assessing of myocardial cell injury. CK exists in two dimeric forms, Ck-MM and CK-MB. Measurement of the CK-MB (Spectrum -Diagnostic, Hannover, Germany) was done at the Biochemistry Department, University of Alexandria, Egypt.
The test principle is to use a specific antibody that inhibits the M subunits of Ck-MM and CK-MB and thus allows the determination of the B subunit of CK-MB [10] . CK-B is determined from the rate of NADPH formation, measured at 340 nm by means of hexokinase and glucose -6-phosphate dehydrogenase coupled reaction.
3-Cardiac troponin-T (cTnT)
Due to the greater cardio-specificity of cTnT, it is increasingly used as diagnostic marker for myocardial cell injury, as it is released in the circulation. The more that is detected in blood, the more severe the cardiac lesion [11] . The cTnT assay (Roche Diagnostics, Mannheim, USA) was performed at Biochemistry Department, University of Alexandria, Egypt. The test employs monoclonal antibodies directed against cTnT. 24 hours after the end of the experimental period, half of the rats of subgroup Ia and Ib together with the rats of group II were sacrificed. Rats of group III (withdrawal group) and the remaining rats of subgroups Ia and Ib were sacrificed 4 weeks after the last dose of ZnO-NPs. All animals were euthanized. Blood samples were taken from the abdominal aorta. Then samples were centrifuged at 3000 rpm for 20 minutes to obtain sera. Samples were stored (-20 o C) till further use. The animals were sacrificed by decapitation after ether anesthesia (Sigma -Aldrich St. Louis, USA).
III-Histological study
The chest of each animal was opened and the heart was rapidly excised. The heart apex of each rat, which is mostly formed by the left ventricle was dissected and cut into 2 pieces. The first piece was immediately cut into small pieces (1×1 mm3) and fixed in 3% phosphate-buffered glutaraldehyde solution and processed for transmission electron microscopic study [12] . The second piece was fixed in 10% formol saline and processed to get 5-6 μm thick paraffin sections. These sections were stained with H&E and Masson's trichrome stains [13] for light microscopic examination.
VI-Morphometric study and Statistical analysis 1-Collagen quantification
Semi-automated image analysis was applied [14] . From each Masson's trichrome stained section, 5 random fields for each group were selected and imaged using an objective lens magnification of 40x. ImageJ software (version 1.51k, Wayne Rasband, National Institutes of Health, USA) was used for the analysis.
2-Mitochondrial morphometric study
To analyze mitochondrial morphology, regions containing numerous mitochondria from the electron micrographs at the magnification of 2000 were selected. Mitochondria from the edge of the micrographs were excluded. Mitochondrial measurements were obtained using Image J (version 1.51k, Wayne Rasband, National Institutes of Health, USA) by manually tracing only clearly detectable outlines of mitochondria on the micrographs [15, 16] . The followings were measured:
1. Surface area (mitochondrial size) was reported in square pixels.
2. Perimeter in pixels.
3. Surface area/perimeter ratio was then calculated.
4. The aspect ratio (AR) was computed as (major axis/ minor axis).
5. Circularity [4 ‫ח‬ (surface area/perimeter2)].
Data were fed to the computer and analyzed using IBM SPSS software package version 20.0 (Armonk, NY: IBM Corp). The Kolmogorov-Smirnov test was used to verify the normality of distribution. Quantitative data were described using range (minimum and maximum), mean, standard deviation and median. Differences were considered statistically significant at p≤0.05.
RESULTS
I-Characterization of the prepared ZnO-NPs
TEM showed that the particles were with an average size of 11± 5 nm ( Figure 1A and B). The Zeta potential (surface charge) of ZnO-NPs in solution was -32±5 mV ( Figure 1C ) and the XRD revealed sharpness of the peaks pattern that showed a good formation of ZnO-NPs ( Figure 1D ). Finally, the UV-Vis exhibited an absorption band at ~ 370 nm, indicative of the formation of ZnO-NPs ( Figure 1E ).
II-Biochemical results
1-Malondialdehyde (MDA)
Is considered as an indicator of lipid peroxidation. As shown in the (Hsitogram A), no significance was noticed between subgroup Ia and Ib. However, the serum level of MDA showed significant increase in group II. Furthermore, in subgroup IIb it was significantly increased as compared with subgroup IIa. In addition, MDA showed significant increase in subgroups IIIa and IIIb at p ≤ 0.05 as compared with groups I and II.
2-Serum creatinine phosphokinase isoenzyme (CK-MB)
As shown in the (Hsitogram B), no statistical significance was noticed between subgroups Ia and Ib. CK-MB level showed significance increase in group II, with the higher dose of ZnO-NPs in subgroup IIb shows more elevation. In addition, its level showed significance increase at p ≤ 0.05 in subgroups IIIa and IIIb as compared with groups I and II.
3-Cardiac troponin-T (cTnT)
As shown in the (Hsitogram C), the serum level of cTnT showed a significant increase in group II, with the higher dose of ZnO-NPs in subgroup IIb shows more elevation than the lower dose in subgroup IIa. In addition, the serum level showed significance increase at p ≤ 0.05in subgroups IIIa and IIIb as compared with groups I and II.
III-Histological results
1-Light microscopic results
a-H&E stain results
Group I (control group)
Light microscopic examination of ventricular myocardial sections of subgroups Ia and Ib, showed branching and anastomosing fibers with narrow interstitial spaces in between. Each cardiomyocyte exhibited an acidophilic sarcoplasm with centrally located vesicular nucleus ( Figure 2 ).
Group II (ZnO-NPs group) Subgroup IIa
Examination revealed focal areas of pale acidophilic sarcoplasm and few muscle fibers were fragmented. Some nuclei appeared pyknotic ( Figure 3 ).
Subgroup IIb
More extensive myocardial lesions were encountered. Multiple areas of myocytic fragmentation and widening of the interstitial spaces were frequently seen. Hypereosinophilic sarcoplasm and pyknotic nuclei were frequently encountered ( Figure 4 ).
Group III (withdrawal group)
Subgroup IIIa
The four week period of withdrawal after administration of the low dose of ZnO-NPs was not efficient in reversing the myocardial lesions. Foci of interrupted fibers were depicted. Some cardiomyocytes exhibited pale acidophilic sarcoplasm and others show pyknotic nuclei ( Figure 5 )
Subgroup III b
Progressive changes were seen. Cells with pale acidophilic sarcoplasm and deeply stained nuclei were still frequently seen ( Figure 6 ).
b-Masson's trichrome stain results
To visualize any collagen deposition between the muscle fibers Masson's trichrome stain was used.
Group I (control group)
Sections of group I (Ia and Ib), showed scanty collagen fibers in between cardiac muscle fibers (Figure 7a 
2-Electron microscopic results
Group I (control group)
Examination of the control group revealed ventricular cardiac muscle fibers formed of cardiomyocytes. Their sarcolemma was almost straight with very minimal subsarcolemmal sarcoplasm. The sarcoplasm of cardiomyocytes revealed several longitudinally-arranged myofibrils with alternating dark and light bands. Sarcomeres were seen between two Z lines. Each cardiomyocyte exhibited a single oval centrally located euchromatic nucleus. Elongated mitochondria were arranged in rows between the myofibrils (Figure 8 ).
Group II (ZnO-NPs group) Subgroup IIa
The arrangement and morphology of the mitochondria varied. Many mitochondria lost their arrangement in rows and they appeared aggregated in large groups. Some mitochondria showed accumulation of electron dense deposits. In addition, dilated T-tubules were depicted (Figure 9 ).
Subgroup IIb
Cardiomyocytes revealed more evident ultrastructural alterations. It was obvious that ZnO-NPs at a higher dose induced more extensive myocardial changes with an elevation of the overlying sarcolemma and marked scalloping (Figure 10a) . Notably, disruption and discontinuation of the sarcolemma (Figure 10b 
Group III (Withdrawal group) Subgroup IIIa
Patches of myofibrillar interruption was depicted. Mitochondria showed variability in the size and shape. The nuclei appeared euchromatic ( Figure 11 ).
Subgroup IIIb
The cardiomyocytes of this group revealed areas of myofibrillar interruption and loss (Figure 12a ). Disorganized myofibrils with the accumulation of large groups of irregularly arranged intermyofibrillar mitochondria were seen (Figure 12b ), some were bizarre shaped, while others appear small and rounded (Figure 12c ). Shrunken peripheral heterochromatic nuclei (Figure 12a ) and multiple vacuoles (Figure 12a,c) were also depicted.
III-The Histo-morphometric results
1-Collagen quantification
In group II (ZnO-NPs group), the mean area percentage occupied by collagen in subgroup IIa was insignificantly increased in comparison with the control group. Regarding subgroup IIb, the mean values were significantly higher than those of the control group and subgroup IIa at p ≤ 0.05 (Hsitogram D).
For group III, the withdrawal group, the mean value of the area percentage occupied by collagen in subgroup IIIa was significantly higher compared to the control group and subgroup IIa. In addition, the mean value of the area occupied by collagen in subgroup IIIb was significantly higher compared to in group I, group II and subgroup IIIa at p ≤ 0.05.
2-Mitochondrial morphometric results
a-Analysis of mitochondrial surface area/perimeter ratio
Subgroup IIa and IIb were significantly less than the control group indicating a significant mitochondrial fragmentation. For subgroup IIIa, the results were no longer significant as compared to the control group (Hsitogram E), but significantly higher than subgroup IIa at p ≤ 0.05. This indicated that after the four week withdrawal period with the smaller dose of ZnO-NPs, mitochondria appeared to be recovering from fragmentation. For subgroup IIIb, the ratio was significantly higher compared to the control group, but not significant compared to subgroup IIb. This indicated that after the withdrawal period with the higher dose the mitochondria were unable to recover from fragmentation.
b-The mitochondrial circularity
It is an index of sphericity with a value of 1.0 indicating perfect sphere shape. Regarding subgroup IIa, average circularity was significantly increased compared to the control group which appeared elongated. For subgroup IIb, average circularity (Hsitogram F) was even more significantly increased compared to the control group and subgroup IIa at p ≤ 0.05. Regarding subgroup IIIa, mean circularity was significantly increased compared to the control group but was not statistically significant in comparison with subgroup IIa. The average circularity for subgroup IIIb was significantly increased compared to the control group and subgroup IIa and IIIa, but was not statistically significant compared to subgroup IIb, indicated that the mitochondria did not recover from fragmentation.
c-The aspect ratio (AR; major axis/minor axis)
It is a measure of the mitochondrial length and branching. AR has a minimum value of 1.0 when the mitochondrion is a small, perfect circle and this value increases as the mitochondrion becomes elongated. Regarding subgroup IIa, the AR was significantly decreased compared to the control group (Hsitogram G). For subgroup IIb, the AR was even more significantly decreased compared to the control group and subgroup IIa indicated that the mitochondria tended to be more fragmented. As for subgroup IIIa, the mean AR was significantly decreased compared to the control group but was not statistically significant in comparison with subgroup IIa. Moreover, the AR for subgroup IIIb was significantly decreased compared to the control group but was not statistically significant compared to subgroup IIb. 
DISCUSSION
Zinc oxide nanoparticles (ZnO-NPs) are known to be one of the most important metal oxide nanomaterials used. It is conceivable that the human body is exposed via several routes. Nevertheless, uptake of NPs from the gastrointestinal tract is the most important route [17] . Thus, the present study was undertaken to investigate the oral toxicity of ZnO-NPs on the histology of the ventricular cardiomyocytes of adult male albino rats.
In the present study, microscopic examination of treated groups revealed variable myocardial histological changes. At the cellular level, loss of contractile elements that was marked histologically by myocytic fragmentation, interrupted muscle fibers and hypereosinophilia which could be attributable in part to increased binding of eosin to the denatured cytoplasmic proteins. It was reported that degeneration of cardiac myocytes occurs due to increased protein degradation and decreased myofibrillar protein synthesis [18, 19] .
In the current study, ultrastructural examination revealed prominent blebbing and scalloping of the sarcolemma of many cardiomyocytes with areas of sarcolemmal disruption. The sarcolemma is lifted off the myofibrils by edema fluid. Multiple vacuoles were seen and might be attributed to severe myocardial damage with dilated T-tubules. The same was depicted to be associated with cardiomyocyte damage [20] .
The mitochondria are the most predominantly affected organelles. It is now evident that all the phenomena that modify mitochondrial morphology can modify cell functions [21] Heterogeneity of the size and distribution of cardiac mitochondria usually evidences unbalanced fusion/ fission cycles [22] . Particularly, it is common in cases of altered redox status and calcium homeostasis, which were related to an overproduction of reactive oxygen spesies (ROS). Moreover, ROS overproduction is responsible for the so-called ROS-induced ROS release phenomenon, [23] which postulates that excess mitochondrial ROS trigger mitochondrial ROS production in nearby mitochondria. This mitochondrial crosstalk would impact on cardiac cells and leads to apoptosis, necrosis, and even might end by fibrosis [23, 24] .
Mitochondrial fission/fusion is unfortunately associated with the generation of ROS and induces mitochondrial fragmentation [25, 26] . The mitochondria might lose their connections to the cytoskeleton-associated with a reduction in their size [27] . In the current study, the linear registry of the mitochondria was infrequently seen and they were rather arranged in clusters. This might explain the existence of numerous mitochondria that were irregularly organized in the treated groups.
Generally, the measured parameters of mitochondrial morphology include number, size, and elongation (circularity). Elongation is the best thought of the shape of mitochondria and is a sensitive parameter for fragmentation [28] . An example for the importance of measuring multiple parameters for mitochondrial morphology is that the decrease in the number of mitochondria, for example, might not occur because of a loss in mitochondrial biomass, but because most of them are connected to each other and counted as one, large mitochondria [29, 30] . Therefore, it is recommended for the assessment of mitochondrial morphology to use more than one parameter. At this time, however, it is unknown which parameter is the most important in regards to the health of the cell [29] .
The morphometric analysis was in line with the histological study. In group II the surface area /perimeter ratio was significantly lower compared to the control group indicating fragmentation. About the circularity and AR, group II was significantly near to one value compared to the control group indicating that they are less elongated and thus more fragmented. In addition, in subgroup IIb (given the higher dose) the mitochondria were significantly more fragmented compared to subgroup IIa (given the smaller dose). Importantly, several studies were also able to demonstrate mitochondrial fragmentation in adult rat ventricular cardiomyocyte in response to increased cytosolic Ca+2 [30] and ROS, which are both proved to be the main mechanisms involved in ZnO-NPs induced toxicity [26, 30] .
More changes were detected with the higher dose of ZnO-NPs in subgroup IIb. These findings were in agreement with results of previous works. They attributed these changes to oxidative stress (OS) [31] [32] [33] [34] .
A major OS response is the intracellular calcium (Ca2+) release, which leads to mitochondrial Ca2+ overload causing irreversible cellular damage. Moreover, studies declared that ZnO-NPs were shown to induce a significant and sustained increase in Ca2+ concentration causing changes in membrane potential and mitochondrial dysfunction [35, 36] .
It has been reported that ZnO-NPs exhibit a dosedependent intracellular accumulation of ROS. As the levels of ROS exceeded the capacity of cellular antioxidants, the antioxidant system could not eliminate them [37, 38] . This might explain the more severe damage observed in the animals given the higher dose of ZnO-NPs.
Malondialdehyde (MDA), a marker of lipid peroxidation, was shown to increase significantly after ZnO-NPs administration in a dose-dependent manner [39] . Moreover, it has been reported that ZnO-NPs at lower concentration induced gene expression of antioxidant defense systems [40] . This might explain the less toxic effect on the animals of subgroup IIa that were given the smaller dose associated with the non-significant increase in the serum level of MDA. On the contrary, at a higher dose, these antioxidant defense systems were inhibited [38, 41, 42] . This was documented by the significant increase of serum MDA level in subgroup IIb compared to the control group. Again, this might explain the more toxic effect with the higher dose of ZnO-NPs with the statistically significant difference in the serum level of cardiac enzymes in subgroup IIb compared to group I. This confirms the more evident histological changes in the animals given the higher dose.
Nevertheless, the mechanism of ZnO-NPs toxicity was attributed to the combination of more than one phenomenon. Dissolution and release of zinc ions (Zn2+) and physical interaction of ZnO-NPs were reported also as major mechanisms [43] . Zn2+ at a low concentration is essential for maintaining cellular metabolism; however, at a high level, it shares an essential role in the cellular toxicity of ZnO-NPs [44] . There are some reports which attributed the toxicity of ZnO-NPs, to the particles dissolution and subsequent release of Zn2+ intracellularly, leading to ROS mediated cytotoxicity [45] . In addition, this rapid Zn2+ influx results in a rapid decline of mitochondrial membrane potential which subsequently activates the caspasedependent apoptosis. Upon reaching the mitochondria, NPs can generate mitochondrial ROS with disruption of mitochondrial redox state [46, 47] causing more elevation of intracellular levels of ROS, cell membrane injury, cell damage and eventually cell death [48, 49] . This was confirmed by detection of NPs that appeared as accumulated electron dense deposits inside the mitochondria in the current study. From the data, it was declared that the histological changes in the current study might be attributed to the same causes and declared that the higher dose was more damaging to the myocytes.
Another potential mechanism involves the generation of ROS by the NPs themselves and depends on their physicochemical characteristics that lead to the spontaneous generation of ROS at their surface [50] . NPs of smaller size induce more OS by disturbing the balance between oxidant and antioxidant processes [51] .
In addition, a study demonstrated that ZnO-NPs lead to cell death through autophagic vacuole accumulation [52] . This was supported in the current study by the appearance of vacuoles containing electron-dense material that might be residual organelles including the mitochondria. Failure to remove the damaged mitochondria might increase cellular damage and the generation of excessive ROS [52] [53] [54] .
Meanwhile, data indicated that exposure to ZnONPs induces the expression of genes which are involved in apoptosis [55] . This was determined by downregulation of B-cell lymphoma 2 (Bcl-2) gene, which protects cardiomyocytes from apoptosis [56] . In addition, increased expression of caspase-3 activity was also observed by some researchers. Apart from inducing apoptosis, activation of caspase-3 was implicated in causing sarcomere disorganization and myofibril disruption. As proved, caspase-3 can cleave cardiac myofibrillar proteins, such as ventricular myosin light chain, α -actin,α -actinin and troponin T [57] . Consequently, this might have a direct effect on the reduction of myocyte contractile performance.
As for the interstitium, in the current study collagen fibers deposition was confirmed by the Trichrome stain. The morphometric analysis of the area percentage of collagen fibers was significantly higher in the animals that were given the higher dose. Again, this might reflect the severely damaging effect of the higher dose of ZnO-NPs. ROS-mediated activation of fibrogenesis is also responsible for the toxicity of NPs [58] . Myocardial injury induces fibroblast proliferation, migration to the injured area, and transdifferentiation into myofibroblasts producing large amounts of interstitial collagen [59, 60] . In the normal myocardium, fibroblasts are quiescent cells and are responsible only for homeostasis of extracellular matrix (ECM). In the diseased myocardium, fibroblasts are major players of cardiac remodeling, including fibroblast proliferation, migration and increased ECM turnover [61] .
The study was further extended to investigate whether a four week withdrawal period would eliminate or improve these histological changes. Unfortunately, it could not reverse the myocardial damage induced by ZnO-NPs administration. In the same line, there was a marked progression of the histological changes in the animals of subgroup IIIb indicating that the myocytes have undergone severe forms of irreversible cell injury. It was previously confirmed that mitochondrial alterations induced by ROS were not totally reversible, especially in the left ventricle [62, 63] . This goes with the histological, biochemical and the morphometric results in the current study. In the withdrawal group, these changes persisted and even exaggerated reflecting the failure to recover from the injury induced by the administration of ZnO-NPs even after the withdrawal period.
CONCLUSIONS
Thus the current study concluded that oral administration of ZnO-NPs is associated with variable microscopic changes in ventricular cardiomyocytes, which are dosedependent. The microscopic changes were accompanied with significant elevation of the oxidative stress marker as well as the cardiac markers. These changes didn't improve after the four-week period of withdrawal.
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